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ABSTRACT In view of the numerical inverse identification of constitutive models, a forward numer-
ical modelling of Gleeble tension tests is conducted. A coupled electrical–thermal–mechanical model
is proposed for the resolution of electrical, energy and momentum conservation equations by means
of finite element method. In momentum equation, the mixed rheological model in multi–phase region
(e.g. δ–ferrite and γ austenite (δ+γ mixture)) is developed to consider the δ/γ phase transformation
phenomenon for micro–alloyed low carbon steel at high temperature. Experimental and numerical
results reveal that significant thermal gradients exist in specimen along longitudinal and radial direc-
tions. Such thermal gradients will lead to phase fraction gradient in specimen at high temperature,
such as δ fraction gradient or liquid fraction gradient. All these gradients will contribute to the het-
erogeneous deformation of specimen and severe stress non–uniform distribution, which is the major
difficulty for the identification of constitutive models, especially for the simple identification method
based on nominal stress–strain. The proposed model can be viewed as an important achievement for
further inverse identification methods, which should be used to identify constitutive parameters for
steel at high temperature in the presence of thermal gradients.
KEY WORDS Gleeble tension test, micro–alloyed low carbon steel, numerical modelling
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E u, MPa
Fcal o
fLZ, N
Fγ,cal o	0>J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sMU, W/(m
2
·K)
hth c )Q1rpsMU, W/(m
2
·K)
k gMU, W/(m·K)
l0 oNI|?, m
m -) f
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φcontact e}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κ ~g, S/m
λ˙  E, (MPa·s)−1
µ Lame <, MPa
ν Poisson U
θ J, 
θcontact e}>o)Q J, 
θref 2SJ, 
θenv qBJ, 
θS  J, 
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O~QSIs, 8~A=v}D7u~QH
_, 3saN{N, BE&E{N, V$OKd.
qp&E2kA}D. N{NH_vÆo~q

 z= , <6Sh=#nO. EA5N{
Np}D, M^ [1−4] hxgIN{N}D(H. \
r(H!, N{Np}D=8&ESIs~pN
– q
%7G, XK.q.℄.s. .
O&E hgISIsi"KpÆb}f ,
*V, A5.OkA|=T}pEfA?p.q.
%o "K℄`p. 4:.p1T}, *VÆE
.O1K (kA=T}) 3Xpq
 u
m/NxV[p?. >Y{ i&Edgu
(submerged split–chill tensile test)[5,6]  Xw#
&Erb8pq
 , 3um"K, <*Xp&
EiK.xuHSjm(E"K℄`.
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[7−9]
pb$, *mjxM.2. L
4:NTh!N!k, dg-ZOpK
.. 6(OJK *pSj, i
b12℄!p.OKe((5K
[8].
< Gleeble ur, x0K..q — .
 *,`p/h, ÆE.O1K3Xpq
Eo
 .
^8~QSIs~6=9io.
o., M12xdgue#<ÆEC
b8v(.O1K (1200 jkA)o. (<5%) ℄
o. (<10−2 s−1) 3Xpq
E. "M^
kpN#upK;e#/P!AXwg
hx7upd
[10−12]. LOe#ra8
rTN#usbjp;K;.q;, *
V, Mp=O:!o  – N – q\;b
z, %T.1Kf℄m. "%ez.2:Cb8
v(.pdguSIpe#, E<+KB
Is/z3p |P.
1 Tp)'
u$2Cb8v(.p|D (qv , %)
E: C 0.065, Si 0.2, Mn 1.64, Al 0.036, Nb 0.064, Ti
0.016, S 0.003, P 0.012, Fe ;v. Or~*`,D
%oDD 10 mm,  120 mm pÆdg, O
Gleeble1500D ~`<1Kdgu. 2W*O
!sxpN' ( thermocouple–0, "s TC0)
e^oAdpKCdN. Osx℄%
m#N' ( thermocouple–1, "s TC1), X;
1 $}. V>, Ex0zlKp *, 5vxK
i!sx (TC0) SpKe. OXMsXFK
/, $KOE TC0 SpKe. E!, M
/pzdsxE TC1 Hm,!sxE TC0
Hm.
"Y; 2$}pNCdNj5K, 
K 1 min h, O tms r[QzmdgM[. Eh
o, JsmO℄\G 0.067 Pa p℄\g.
"29p,J+, ".=AY ip
To.
_ 1 fyrwJ4u|%:
Fig.1 Schematic of temperature measurements at axial
center of tensile specimen (TC0 and TC1 are ther-
mocouples)(unit: mm)
2 tgwLl
2.1 <6Nm
:HdgJp	_,}, O7bD S
r12zB	_z, X; 3 $}. Jp2
O;sN.
2.2 YoNm
12N,  
Y!}E [13]
~J = −κ∇φ (1)
:H f, Ymj?0 p Poisson I
∇ · (κ∇φ) = 0 (2)
o}r}Y^ i(. TN
Pv,elec h,  vIE
[13]
ρ
dH
dt
= ∇ · (κ∇θ) = Pv,elec (3)
H (E
H =
∫ θ
θref
cp(t)dt+ f1L (4)
_ 2 Gleeble ftoMBLZ|%:
Fig.2 Schematic diagram of thermal–mechanical history of
Gleeble tension test (tms: the instant of starting me-
chanical loading; θtest: the temperature at which
tension test is conducted)
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fIoy
A^y
Fig.3 Schematic diagram of axi–symmetric geometrical
model of tensile set–ups
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, Sqv ℄1  
fs, *V7KXpeOY"mj. { (3) sp
N4 Joule mj
Pv,elec = κ∇φ · ∇φ (5)
EÆEf℄kAq
E, M12M^ [14]
℄ [15] /NpEf℄kAxbq
z. OK1
:Ef}pkA, 12N – z (thermo–
viscoplastic, THVP) eÆkAq
E. .
 0EN.℄.a℄
~~˙ε =
~~˙εvp +
~~˙εth (6)
{s, .℄N. #E
~~˙εvp =
3
2aε˙,vp
ε˙
1−m~~s (7)
~~˙εth = − 1
3ρ
dρ
dt
~~I (8)
{ (8) !}.O/E rp&E	". ( Von
Mises sq.qsq.E
σ =
√
3
2
~~s :~~s, ε˙ =
√
2
3
~~˙εvp :
~~˙εvp (9)
4{ (7) ℄ (9) Y"mjv}{pB
I
σ = aε˙,vpε˙
m
(10)
fKv:Ef}r, 12N – e – z
(thermo–elastic–viscoplastic, THEVP) eÆ.O1
KXpq
E. . 0E
~~˙ε =
~~˙εel +
~~˙εvp +
~~˙εth (11)
{s, e.℄. #E
~~˙εel =
1 + v
E
~~˙σ − v
E
tr
(
~~σ
)
~~I (12)
~~˙εvp =
3ε˙
2σ
~~s (13)
{ (13) ssq.℄sq.qpGV412p
BGVeK. ixq℄Kq., vfIE
∇ · ~~σ = 0 (14)
2.3 A℄>
Jp2 ∂Ωgf1 ℄ ∂Ωgf2  #g~ ℄ 

 Jimp, J℄p*R2 ∂Ωsg p 
E
~J · ~n = −Jimp (15)
~J · ~n = helec(φ− φcontact) (16)
p, E#"KpjKkvCd, 12
PID(proportional–integral–derivative) O5r
+;v Jimp, 3|Fj:HKe (TC0 H
m) =Ade,7^o%- Jimp.
Odg! ∂Ωs ℄Jp! ∂Ωgf1 ℄ ∂Ωgf2,
12sq ^N3
−k∇θ · ~n = hth eff(θ − θenv) (17)
O*R2 ∂Ωsg `, 4:ZO2Nq., 2
N YsE
−k∇θ · ~n = hth c(θ − θcontact) + b
b+ bcontact
Pint,elec
(18)
{s b =
√
kρcp, Pint,elec = helec(φ−φcontact)2, { (18)
!}2NOt*R-p ){. 3 hth eff
℄ hth c :HuÆK5ve4K.
JE+~. O℄Jp*R2,
d/*R3 ({ (19)) zLm*R3
({ (20))
~V − ~Vg = 0 (19a)
~T = ~~σ~n = −χp(~V − ~Vg) (19b)
(~V − ~Vg) · ~n = 0 (20a)
~Tn = ~~σ~n = −χp((~V − ~Vg) · ~n)~n (20b)
OuÆus, 6=12~M[^oe#vp
N.q,nOY QDp/p. OM[mr[ tms
a6, .2Lm*R3; O tms r[ah, .2
/*R3. Oe#s, 12\u23p:t
eu℄zlp~M[^o.
2.4 viyQNm
{ (2) ℄ (3) p[0}{pIE
∀φ∗ :
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dH
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−k∇T · ~nϕ∗dΓ −
∫
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Pv,elecϕ
∗dΩ = 0 (22)
{s, φ∗ ℄ ϕ∗ E5V, 12p Galerkin 
Od\%}i^bD`i^`I. 12 Newton–
Raphson `?0{ (22) i^hpI, +F_
Tx-}Kph ∂θ/∂H.
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2 Newton–Raphson ?0 [17].
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, if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~~˙εpt. fd
7f
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tr
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~~˙ε−tr~~˙εel−tr~~˙εth−tr~~˙εtr = ∇·~V+3(1− 2〈ν〉)〈E〉 p˙+
1
〈ρ〉
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∑
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g˙i→j
~~I = 0 (25)
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giρi,
Eo4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.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~~˙evp (26)
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~~˙eel =
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(28)
{sF	E
〈λ˙〉 = 3
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σ
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{ (29) s σ E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q
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f f *}%s
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σ =
Nph∑
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wiσi, <
Nph∑
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wi = 1 (30)
Ou℄fxbq
zr, ZO 2 5d [19]: s
.d℄s.qd. s.dg7f.f
s, s.qdg7f.qf8. 
1f℄
51fxbq
z, s.d;!buÆ/z
 
[20,21], : ε˙i ≡ ε˙. :H%d, 
1ÆDfpq

EY12XXBI:
σγ = aε,evpε
n + aε˙,evpε˙
m
(31)
3pDeE
[22]
m = 1/(8.132− 1.540× 10−3(θ + 273))
n = −0.6289 + 1.114× 10−3(θ + 273)
aε,evp = 130.5− 5.128× 10−3(θ + 273)
aε˙,evp =
( 1
A1
exp
( Q
R(θ + 273)
))m
3s, A1 = 46550 + 71400C + 12000C
2, Q=
371.2 kJ/mol.
1K δ– 51ÆDfpq
E12XXB
I:
σ =
1
α
sinh−1
[ 1
A2
exp
( mQ
R(θ + 273)
)
ε˙
m
]
(32)
3DeE
[7]: α=0.0522 MPa−1, A2=9.997×
107 s−1, Q=202.1 kJ/mol, m=0.2657.
:H.qOT}pr, 4{ (32) K{ (10)
p3 aε˙,vp ℄ m OEf}peE 5.65 MPa ℄
0.266; O 1510  (fs ≈0.7) r, aε˙,vp ℄ m O&E
1.8 MPa ℄ 0.266; Of} 1522 r aε˙,vp ℄ m  #
E1q
 5.6×10−4 MPa ℄ 1.
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e=5ve?GOb. ; 5b Esxe,
DlpK7 (θ − θS)  *, i^}E5ve, CdE
e. Ou3X, DlZOK., <
 Kj1, DlK.T^.
x 10 0 W>lq : A`6t&,/IbesQGn5`B! 1211 
4.3 1dFSVr
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Fig.4 Relation between volume fractions of different phases
and temperature for micro–alloyed low carbon steel
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Fig.5 Surface temperature distribution in the axial direc-
tion (a) and radial temperature distribution with
respect to surface temperature in the mid–length
transverse section (b) in tensile specimen (discrete
points are measurements and curves are calculations)
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Fig.6 Temperature distribution in the central part of ten-
sile specimen at temperature (TC0) of 1300 
(unit: )
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of 1300 
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Fig.8 Equivalent stress distribution along radius in mid–
length transverse section at 50 s after tms, grip
velocity of 0.01 mm/s and temperature (TC0) of
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at temperature (TC0) of 1430  (unit: )
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